Abstract. [Purpose] The aim of the current study was to investigate whether or not motor sequential learning leads a reduction in the temporal processing in terms of the onset of muscle activation and movement initiation as well as final motor response in a serial reaction time (SRT) task.
INTRODUCTION
Motor skill learning is defined as a set of processes which acquires or modifies new repertories of movement through practice and experience. It plays a critical role in adapting to changes in the physical environment in our daily lives 1) . On account of universality of the motor skill learning, investigators from many fields of neuroscience have attempted to define more precisely the factors and mechanisms associated with motor skill learning [2] [3] [4] [5] [6] . For evaluating the extent of motor skill learning, a variety of motor tasks have been used such as the target acquisition task, the tracking task, the serial reaction time ( S R T ) t a s k , e t c . , a n d t h e y a r e u s e f u l f o r quantitatively measuring kinetic variables (i.e., rate of error, speed and magnitude of movement, and reaction time) 5, [7] [8] [9] . Among the various tasks, the SRT task has often been used over the last two decades, and has been one of the most popular task tools used in studies of motor sequencing learning 10) . In the SRT task, participants are required to make motor responses to visual stimuli. Reaction times across the sequential trials are measured. The successful performance of the SRT task consists of two main temporal points in movement system, such as the onset point of muscle activation from the presentation of visual stimuli to movement initiation and final motor response.
Many previous studies have shown that motor sequential learning leads to a reduction in the reaction time and an improvement in correct responses, accompanied by efficient and effective processing in the neuromuscular system 5, 11, 12) . A c c o r d i n g t o f u n c t i o n a l M R I a n d electroencephalography, cortical excitability and the involved regional area are altered after motor learning. However, although the evidence for the neural contribution to motor learning is well established, to our knowledge, nothing has been presented regarding how the onset time of muscle activation and movement initiation are modified.
Therefore, we tried to demonstrate whether or not motor sequential learning led to a reduction in the temporal processing in terms of the onset of muscle activation and movement initiation, as the final reaction time was reduced after motor skill acquisition in a SRT task.
SUBJECTS AND METHODS
Twenty four healthy subjects (men: 14, mean age: 21.50 ± 1.45) were recruited using the following inclusion criteria: (1) right-handed as verified by a handedness questionnaire in the modified Edinburgh Handedness Inventory 13 ) , (2) no previous history of neurological or psychiatric disorders, (3) no color blindness, (4) no previous involvement with sequence learning experiments with an SRT task. All subjects were randomly assigned to a training group (men: 6, mean age: 21.17 ± 1.19) or a control group (men: 8, mean age: 21.83 ± 1.64). All participants gave their written informed consent to participate in the experiment, which was in accordance with the ethical standards of the Declaration of Helsinki.
The equipment used consisted of two personal computers interconnected with digital interface hardware (a digital I/O PCI card with 37 pin DSUB connector, Cedrus, San Pedro, CA), and built-in stimulus presentation, accelerometer, and EMG acquisition systems. The SRT task was performed on the first computer with the stimulus presentation software (SuperLab Pro ver 4.0, San Pedro, CA, USA) and a custom-made response pad, which consisted of a movable arm, made of a bar with a button on its top and a stationary arm fixed on a table. The moveable arm was allowed to move up to 60° from the central position to stop switches in each of the two directions in the horizontal plane. The three sensors built into the custom-made response pad consisted of two stop switches and a button on the top of the bar. The digital signals related to the presented visual stimulus and the reaction time were output to the second computer with EMG (MP150, Biopac system, USA) and accelerometer (BSL-SS27L, Biopac, USA) acquisition systems. EMG activity was recorded from the wrist extensor muscles using a pair of surface electrodes during performance of the SRT task. The signal from the accelerometer, which was attached to the moveable arm, was also recorded. The amplified EMG signals and accelerometer were filtered (band-pass, 5 Hz to 1 kHz), and sampled at 200 Hz. All digital signals were acquired and analyzed using Acknowledge software (version 4.0, Biopac system, USA) installed on the second computer. Signals included the point of visual stimulus, the onset of muscle activation and motion initiation, and the reaction time.
Subjects were seated in front of a table with the right elbow flexed at approximately 90°. They grasped the bar, with their thumb resting on the button, which was on the bar on the custom-made response pad. Following the appearance of the visual stimulus on the computer monitor placed in front of the subjects, they were instructed to move or press the moveable arm/the button, and to then return it to the central position according to the corresponding stimulus as quickly as possible.
The visual stimuli consisted of five colored circles (red, yellow, blue, green, white) which were randomly presented on the center of the computer monitor, with equal probabilities of 20%. A total of 150 stimuli per session were delivered, and there were thirty trials for each colored-circle. The SRT task was to respond to each stimulus with a predetermined set of three motions; the red or yellow circle meant that the subject had to perform a wrist flexion; the blue or green circle led to a wrist extension; and the white meant that subject had to press the button. The presented stimuli lasted for 1,200 ms, and the inter-stimuli interval was 1,200 ms to allow the bar to return to the starting position. The actual experiment at the pre and post test was performed after one demonstration and a practice trial. The training group performed the same task paradigm as test one over two consecutive days, with five repetitions of each session per day. The resting period between each session was five minutes. The control group carried out the pre and post test over two consecutive days without a training session.
All data were analyzed in terms of the onset of muscle activation, the onset of movement initiation, and the reaction time, only when the correct movement responses (the wrist extension) to the blue and green stimuli occurred. Analysis of the onset of muscle activation was conducted using Di Fabio's method 14) , defines onset as the time when the rectified EMG activity rises above a the specific threshold (mean value of baseline plus three times the standard deviation during the resting period over 25 ms) in the target muscle. The point at which the accelerometer was triggered was considered the movement initiation, and the reaction time was the time elapsed from the visual stimul us to the final movement.
All data were analyzed through separate univariate analyses of variance, using a 2 (group: training group, control group) × 2 (test session: pretest, post-test) ANOVA with repeated measures on the three dependent variables: the onset of muscle activation, the onset of movement initiation, and the reaction time. All statistical analyses were assessed using SPSS, version 15.0, and p<0.05 was used as the criterion for statistical significance.
RESULTS
Between the two groups, there was no significant difference in terms of age (p=0.59) or sex (p=0.68), which are known to affect to performance in the SRT task. The times from visual stimul us to the onset of muscular activation, the onset of movement initiation, and the reaction time are presented in Table 1 . With all variables, univariate analysis showed a large main effect of group (p<0.05), time (p<0.001), and group-by-time interaction (p<0.001), except for the main effect of group in the onset of muscular activation (p>0.05), suggesting that the processing times were significantly decreased in the training group as compared to those in the control group.
DISCUSSION
In the current study, we found that training with the SRT task caused a significant reduction in the processing times needed from the presentation of the visual stimuli to each of two predetermined onsets, the onset of muscle activation, the onset of muscle initiation, and final motor response. However, there were no significant changes in the control group. These results imply that motor sequential learning led to a decrease in internal processing times required for the onset of muscle activation and movement initiation. Thus, we think that the reduction in the total process time to final motor response may be attributed to the rapid onsets of muscle activation and movement initiation as motor sequential learning progressed. Our findings, showing a decline in total processing times, were in line with previous learning experiments with the SRT task, which exhibit a gradual reduction of the reaction time 5, 11, 12, 15, 16) . It has previously been established that motor sequential learning is accomplished by acquisition of explicit and implicit knowledge in multiple brain areas, including the cortical and subcortical structures 2, [17] [18] [19] . Also, according to prior studies conducted using coherence a nalys is with electroencephalography (EEG) and EMG [20] [21] [22] , m o t o r s k i l l t r a i n i n g i n d u c e d c h a n g e s i n corticomuscular coherence, reflecting sensorimotor integration processing between the cortex and muscle as part of the motor learning process. In a tanscranial magnetic stimulation (TMS) experiment by Krutky and Perreault 17) , changes in TMS-evoked muscle activity and joint movement were taken as evidence of short-term corticomotor plasticity after repetitive practice of a simple movement by the upper limb. Apart from providing evidence of neural processing, several prior studies have reported that movement onset time was reduced by motor sequential learning or physical exercise 7, 11, [23] [24] . Thus, we speculate that earlier onset of EMG activity and actual movement could result in reduction of the total processing time through efficient neural and neuromuscular processing.
Possible explanations for our finding involve spatial and temporal organization of muscle synergies optimizing the pattern of muscle activity, known as the neuromuscular adaptation. While the spatial organization of muscle synergies serves to involve specific muscles in various muscle groups, changes in its temporal organization that define the sequential activation of the engaged muscles cause the effective motor outcome 25, 26) . According to previous studies with results that supported neuromuscular adaptation 8, 9, [27] [28] [29] , the movement accuracy and the smoothness of EMG activity in target muscle groups were improved after skill acquisition in isometric and target reaching tasks. Connelly et al. 7) reported that learning with isokinetic movement caused an improvement in the proficiency of muscle contraction, indicated by fewer hesitations in movement. Moreover, Zachry et al. 30) revealed that reduced EMG activity was observed in the target muscle groups after motor skill learning. Accordingly, we think that the modification of muscle synergies may play an important role in adapting the neuromuscular systems, leading to a decline in processing time by the select on of the most effective pattern of muscle activation with suppression of undesired movements.
We acknowledge that this study has limitations. For example, task complexity and movement distance were not considered in this study. Additionally, the temporal processing of each region within the cortical level was not estimated using electroencephalography. Thus, further studies will be required to ascertain the detailed mechanisms of motor skill learning, taking these additional factors into consideration.
